RESEARCH
T he aphid-vectored persistent luteovirus Potato leafroll virus (PLRV) is responsible for signifi cant tuber yield and quality losses worldwide (Hooker, 1980; Peters and Jones, 1981; Harrison, 1984; van der Zaag, 1987) . In countries where the improvement of seed systems is diffi cult or impractical, development of cultivars with resistances to the two most damaging viruses, Potato virus Y (PVY) and PLRV, would be the most sustainable strategy for reducing losses. However, breeding for PLRV resistance has been challenging, because the resistance used in most programs is controlled by several minor genes (Ross, 1978) . These unknown genes are thought to control several mechanisms that confer reduced rates of infection of the virus. Resistance to infection or "fi eld resistance" is highly dependent on inoculum pressure, which in turn depends on levels of aphid vector populations (Beekman, 1987) . Moderate levels of resistance to PLRV infection can be overcome by high inoculum pressure and assessment of this type of resistance often requires several seasons unless uniform exposure to vectors is assured. The mechanism operating in this type of resistance may reduce the number of initial infected cells (Barker and Harrison, 1986) . However assessment of this resistance can be confounded with resistance to the vector. Antixenosis, nonpreference, or avoidance of plants causes aphids to move away from potential hosts due 
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ABSTRACT
Phenotypic characterization and genetic studies were performed to provide fundamental information for the exploitation of the native cultivated potato species Solanum tuberosum subsp. andigena (Juz. and Bukasov.) Hawkes (andigena) as a source of resistance to Potato leafroll virus (PLRV). Analysis of a diallel mating design among andigena cultivars revealed the importance of additive gene effects. Phenotypic assessment of components of PLRV resistance showed that andigena cultivars with high levels of resistance to infection were also resistant to the accumulation of PLRV and able to restrict translocation of the virus to their tubers. Three andigena cultivars (LOP-868, HUA-332, and OCH-7643) identifi ed with these features also showed high positive general combining ability (GCA) for PLRV resistance. High frequencies of individuals in progenies from crosses between these cultivars and both resistant and susceptible commercial varieties were also resistant.
No interaction in the expression of resistance from andigena in tuberosum backgrounds was observed indicating that breeding advances for this trait should proceed well using this new resistance source. Our results support the previous hypothesis that multiple components of resistance in a single genotype could be the result of a common mechanism controlled by several genes. The remarkably high frequency (>70%) of uninfected individuals in all progenies derived from the highly resistant andigena cultivar LOP-868 and the occurrence of highly resistant clones selected from this parent suggest the presence of an allele with large effects.
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CROP SCIENCE, VOL. 47, MAY-JUNE 2007 to the plant's production of toxins, volatile repellants, or even to the presence of nonglandular-type trichome or hairs (Jayasinghe, 1990) . Hence, diffi culties in screening via viruliferous aphids and complex patterns of inheritance have hampered progress in breeding for resistance to PLRV, such that few resistant varieties possess substantial fi eld resistance (Barker, 1987) . Current availability of standardized greenhouse experiments that allow controlled inoculation of plants with PLRV via viruliferous aphids, combined with enzyme-linked immunosorbent assay (ELISA), is eff ective for the identifi cation of genotypes exhibiting resistance to PLRV and of more-resistant progenies (Chuquillanqui and Jones, 1980; Solomon-Blackburn et al., 1994) . Neither extreme resistance nor immunity to PLRV have been described. Other types of resistance, such as to virus accumulation, to translocation, or to aphid vectors, have been found in some wild relatives of potato but in very few cultivars (Barker, 1987; Jayasinghe, 1990; Brown and Thomas, 1994) . For instance, levels of resistance high enough to provide almost complete protection have been reported in the wild species S. brevidens Phil. (Jones, 1979) . Special procedures, however, are often necessary to overcome crossing barriers in addition to the signifi cant time and eff ort required to introgress resistance from unadapted germplasm to agronomically acceptable backgrounds. In this sense, the use of heritable sources of high levels of PLRV resistance from cultivated potato species off ers the advantage of obtaining acceptable resistant cultivars in a shorter period.
Solanum tuberosum subsp. andigena (Juz. et Buk.) Hawkes is a native cultivated species genetically similar to the commercial potato (S. tuberosum L. subsp. tuberosum) and represents a highly variable gene pool for potato improvement. Resistance to many important potato diseases have been identifi ed in this species, and their use in breeding has provided good combinations of agronomic and quality traits when crossed to the commercial potato. Resistance to PLRV infection was reported in this species in the 1970s, and preliminary studies on the inheritance of this resistance were performed by Brown (1979) . However, we are not aware of any attempts to utilize this resistance in breeding.
Preliminary evaluation of a group of 2518 clonal accessions from the in-trust germplasm collection held at the International Potato Center (CIP), identifi ed 46 that did not become infected with PLRV under natural fi eld exposure, and that were diffi cult to infect by graft inoculation (Bastos, 1997) . The present work describes a series of experiments performed to assess the potential of S. tuberosum subsp. andigena as a source of increased levels of resistance to PLRV in potato varieties. The study comprises analysis of combining ability, characterization of components and levels of PLRV resistance, and their expression in the genetic background of the commercial potato S. tuberosum L. subsp. tuberosum. Figure 1 depicts the series of experiments (A-F) conducted and the type of genetic material used in each. In Experiment A, a diallel mating design was performed to estimate combining ability of resistance to PLRV infection in a sample of three putative resistant and four susceptible S. tuberosum subsp. andigena accessions (hereinafter called cultivars). In Experiment B, assessment of PLRV resistance to infection was performed to confi rm resistance of parents and of a sample of individuals of one of their progenies. Thirteen putative resistant cultivars identifi ed in the with extraction buff er (5 mL g −1 tissue). The extraction solution was PBS buff er, with Tween 20 (0.1%), to which 2% polyvinylpyrrolidone and 1% egg albumin was added. Wells of microtiter plates (polystyrene microplates, Factory of Organic Glass Products, Tianjin, China) were coated with PLRV antiserum γ-globulin at 1 μg mL −1 . Samples were kept in the wells overnight at 4°C. Phosphatase-conjugated antiserum globulin diluted properly in extraction buff er was added after plates were washed with PBS-Tween, and allowed to react for 3 h at 37°C. The substrate p-nitrophenyl phosphate (0.8 mg mL −1 in 1 M diethanolamine buff er pH 9.8) was loaded after plates were washed, and allowed to react for up to 1.5 h at room temperature. Absorbance (A405 nm) values was determined using a microplate reader (Model 550, BIO-RAD, Hercules, CA). Samples showing an absorbance 0.05 units higher than that of healthy samples were considered positive. A mother plant was considered not infected if it or its two daughter plants were negative to DAS-ELISA Percentage of resistance of the progenies was estimated for each replication as the number of noninfected mother plants (negative to DAS-ELISA) over the total number of plants tested, each plant representing a single genotype or individual within a progeny.
MATERIALS AND METHODS
Assessment of the Components of Resistance to PLRV
Clonal Assessment of Resistance to PLRV Infection (B)
The seven parental cultivars used in the diallel design, a sample of 25 uninfected individuals from one of its component progenies, and 13 additional cultivars taken from the group of 46 putatively resistant andigena cultivars, underwent clonal evaluation to estimate their levels of resistance to PLRV infection. Plants of all test cultivars and three controls (see later), were grown from virus-free in vitro plantlets, and those of the uninfected progeny individuals, from tubers recovered from the secondary infection trial of the diallel design. At least 30 plants of each genotype were obtained by propagation of stem cuttings. Thirty plants of each genotype were distributed in experimental units of 10 plants and set out in a RCBD of three blocks, each representing diff erent levels of aphid pressure.
Plants from the stem cuttings were grown in 18-cm plastic pots containing the same soil mix described above under controlled greenhouse conditions in La Molina, Peru, during fall 1999 (March-June). Inoculation was performed by infesting 40-cm tall plants (ca. 40 d after planting) with 25, 50, and 100 viruliferous apterous aphids per plant of M. persicae. Aphids were transferred with a fi ne brush from infected plants of the susceptible cultivar Flor Blanca to individual plants of each experimental unit. Plants in each block were placed on separate tables and isolated with anti-aphid nets. Aphids were killed 10 d after infestation with systemic insecticide methamidophos 0.1%, and the plants were grown until tuberization. Two daughter tubers recovered from each pot were planted in the fi eld at La Molina during the spring (September-December) of the same year, for the evaluation of secondary infection. The two daughter plants in the secondary infection trial were used to represent each mother plant infected in the primary infection trial. DAS-ELISA was performed on mixed samples of leaves of the two daughter plants 50 d after planting (DAP). A preliminary screening (Bastos, 1997) were also included. In Experiment C, available open-pollinated (OP) progenies from some of the cultivars assessed in B, were screened to relate the percentage of resistance in progenies to the levels of resistance to infection of the respective generating cultivar. Experiments D and E assessed the putative presence of other components of PLRV resistance-resistance to accumulation and antixenosisin cultivars assessed for resistance to infection (B). In Experiment F, combining ability of confi rmed resistant and of a sample of susceptible cultivars was assessed against the genetic background of commercial cultivars in a factorial mating design.
Diallel Mating Design for Resistance to PLRV Infection (A)
A sample of seven andigena cultivars was taken from the group of 2518 of CIP's andigena germplasm collection that had undergone preliminary evaluation for PLRV resistance. Three of these (cv. LOP-868, ZIM-440, and CCC-4932) were selected from the 46 identifi ed as putatively resistant to ensure the presence of diff erent levels of resistance. The seven cultivars (n = 7), were crossed following Griffi ng's diallel mating design, Method 4 (Griffi ng, 1956). Twenty-one progenies [n(n − 1)/2 possible crosses] were generated and exposed to primary infection with PLRV by viruliferous apterous aphids of Myzus persicae Sulz. in the greenhouse in Huancayo, Peru (3280 m above sea level) and evaluated for secondary infection in the fi eld at the same location during the 1998 growing season (November-February). Greenhouse conditions during primary infection registered mean temperatures of 14°C and a maximum of 22°C, relative humidity of 80%, and light intensity over 168 μmol m −2 s −1
. Both trials were conducted in a randomized complete block design (RCBD) with three replications of 20 individuals per progeny. The virus isolate used in all experiments was 01 from Peru, previously isolated from the local susceptible cultivar Ticahuasi (L.F. Salazar, personal communication, 2000) . This isolate was maintained and propagated in plants of the susceptible potato cultivar Flor Blanca by aphid transmission.
Seeds of each family from the diallel series were sown in plastic trays containing a vapor-sterilized substrate of 1:1:2 soil/ sand/peat moss. Twenty days after sowing, 60 seedlings of each progeny were transplanted to Jiff y-7 pellets (Jiff y Products, Shippegan, NB) arranged in groups of 20 seedlings per tray, and set according to the experimental design. Seedlings were inoculated by shaking PLRV-infected plants of the susceptible cultivar Flor Blanca, heavily infested with M. persicae, over the trays as evenly as possible (Chuquillanqui and Jones, 1980) . Aphids were counted 3 d after infestation and killed with the systemic pesticide methamidophos 0.1% (O,S-dimethyl phosphoramidothioate) 4 d later. Seedlings were individually transplanted to 10-cm plastic pots. After harvest, two tubers were recovered from each mother plant exposed to PLRV in the primary infection trial, and used to test the progenies for secondary infection in the fi eld. Double-antibody sandwich ELISA (DAS-ELISA) was performed on leaf samples collected from individual mother plants during primary infection 30 d after inoculation and on mixed samples of leaves from their two daughter plants during secondary infection 50 d after tuber planting. Leaf extracts were prepared and tested using PLRV-polyclonal antisera as described by Salazar (1996) . Leaf samples were placed in a plastic bag and ground mother plant was considered infected if its daughter plants were positive to DAS-ELISA. Percentage of infection was calculated as the number of infected mother plants, over the total number of plants tested per cultivar and per aphid pressure. Data were transformed to arc-sin for analysis of variance. ANOVA was performed using PROC ANOVA (SAS Institute, 2001 ). Levels of resistance were determined based on comparison with those of known resistant and susceptible cultivars. The highly resistant, diploid bred line DW.84-1457 developed by the Młochów Research Centre of Plant Breeding and Acclimatization Institute, Poland (Dziewonska and Was, 1994) , and the moderately resistant cultivar Achirana-INTA, developed by the National Institute of Agronomical Technology (INTA), Balcarce, Argentina, (Huarte et al., 1990) were used as resistant controls. The Peruvian cultivar Perricholi was used as a susceptible control.
Resistance to PLRV Infection in Open-Pollinated Progenies (C)
Progenies from OP seed of the tested cultivars, provided by CIP genebank curators, were assessed for resistance to PLRV infection at the seedling stage. Open-pollinated seed was only available for 9 of the 13 andigena cultivars and the parental cultivar LOP-868 (OP seed from the other parental cultivars of the diallel design was not included). The trial was conducted in a greenhouse in La Molina (Lima, Peru) from September to November of 1999 under conditions of mean and maximum temperatures of 19°C and 25°C respectively, relative humidity of 75% and light intensity over 168 μmol m −2 s −1 supplemented by fl uorescent lights. Procedures and methods for seedling establishment and inoculation were the same as those described for the diallel mating design. A RCBD with three replications of 40 plants per OP progeny was used. DAS-ELISA was performed as described above, on leaf samples of individual plants 30 d after inoculation. Percentage of infection of OP progenies was calculated as the number of infected plants (positive to DAS-ELISA) over the total number of plants tested per replication.
Resistance to PLRV Multiplication (D)
Ten of the 13 andigena cultivars tested for resistance to infection and the parental cultivar LOP-868 underwent assessment for resistance to PLRV accumulation. Plants grown from stem cuttings of each cultivar were graft inoculated with scions of infected plants of the susceptible cultivar Flor Blanca, and virus content estimated at several stages of plant growth during primary and secondary infection at La Molina.
Five plants of each cultivar were grown in 18-cm plastic pots containing the soil mix described above, under greenhouse conditions with mean temperatures of 20°C during spring (September-December) 1999. Plants were graft inoculated when they were about 20 cm tall (ca. 30 d after planting) with scions from PLRV-infected plants of the susceptible cultivar Flor Blanca previously tested positive by DAS-ELISA. Scions were kept on tested plants for 2 wk and then removed a week before evaluation. Plants were allowed to tuberize and daughter tubers were recovered, stored at 4°C for 8 mo, and used to grow plants for secondary infection trials (fi ve plants per cultivar) in the greenhouse during the following spring (September-December). Quantitative ELISA was conducted on 0.5-g samples of leaves taken from approximately halfway up the stem (middle leaves) of each plant on four occasions at 20-d intervals, corresponding to 50, 70, 90, and 110 DAP for primary infection and to 30, 50, 70, and 90 DAP for secondary infection.
To measure virus concentration, absorbance (A = 450 nm) reading values were taken 1 h after adding the substrate to microtiter plates, using a microplate reader (BIO-RAD, Model 550). Mean absorbance values estimated from the fi ve plants of each cultivar were interpolated onto a standard curve from absorbance values given by known concentrations of purifi ed virus.
Test of Antixenosis (E)
To assess antixenosis as a possible component of resistance, fi ve plants of each of 10 andigena cultivars that underwent evaluations for resistance to infection and multiplication, and the parental cultivar LOP-868, were infested with apterous aphids of M. persicae under greenhouse conditions. The susceptible cultivar Perricholi and a genotype of the S. acaule Bitter accession OCH-13824 previously identifi ed as expressing antixenosis (CIP, 1992) were used as controls.
Potted plants were arranged at random (Random Complete Design) in concentric circles and apterous aphids of M. persicae set in a glass dish in the center to off er them free choice among the test plants. An approximate amount of 10 000 apterous aphids among mobile nymphs and adults were released by shaking heavily infested plants of Flor Blanca over the dish. Pots along each radius were connected by a bamboo stake to allow aphid displacement toward the outer plants (Fig. 2 ). Aphids were left on the plants until all plants of Perricholi sustained population accumulation. The greenhouse as well as the bench used to install the experiment were isolated with anti-aphid nets. The number of aphids per plant was recorded at 36 and 72 h after aphid release. Assessment of antixenosis or nonpreference was based on the increment in the number of aphids per plant 36 h after initial counting (diff erence between the 36 and 72 h counts).
Factorial Mating Design for Assessment of the Resistance to PLRV Infection from andigena Sources in S. tuberosum Subsp. tuberosum Background (F)
A factorial mating design was used to estimate the ability of the andigena sources of resistance to transmit their resistance to tuberosum germplasm. Three resistant and two susceptible andigena cultivars identifi ed in this study were crossed to six well-known tuberosum commercial cultivars ranging from susceptible to moderately resistant to PLRV. Thirty resulting hybrid progenies were assessed for resistance to PLRV infection in a RCBD with three replications of 40 seedlings per progeny. Seedling establishment and inoculation occurred during April 2000 under the same greenhouse conditions, procedures, and methods described previously for seedling assays. In May, inoculated seedlings were transplanted to the fi eld in La Molina (Lima) and grown during the winter season. Evaluation by DAS-ELISA was performed on leaf samples of individual plants 30 d after fi eld transplanting. Percentage of resistance of hybrid progenies was calculated as the number of noninfected plants (negative to ELISA) over the total number of plants tested per replication. Each plant represented a single genotype or individual within a progeny.
Statistical and Genetic Analysis of the Diallel and Factorial Mating Design
Resistance to infection, or fi eld resistance to PLRV, is considered a quantitative trait that is routinely measured as the incidence of infected plants of a genotype (Barker and Harrison, 1985) . However, under our experimental conditions, each sibling within a progeny in the mating designs was represented by a single plant. Hence, a binary response was used, assigning a score of 1 to those plants that were not infected and 0 to those that were infected (positive to DAS-ELISA), and performing the analysis based on the theoretical principles of biometrical analysis of the success fraction of progenies (Madry and UbyszBorucka, 1983) . With this system of estimation, and provided that the reaction to PLRV infection of individuals within progenies was mutually independent, the number of noninfected individuals (R) is a binomial random variable, with parameters q (probability of noninfected individuals within a progeny) and m (total number of individuals tested). The analysis was based on the logit transformation of this probability. Weighted least square analysis was performed on each mating design, using the empirical logit transformation
} (Cox and Snell, 1989 ). The genetic model used was (Griffi ng, 1956) . Weighted least square regression of empirical logit transformation on replicates, parental and interaction eff ects was performed using PROC GLM (SAS Institute, 2001 ). Expected least squares from the diallel design among andigena cultivars were used to estimate the experimental components of variance, that is, the general (GCA) and specifi c (SCA) combining abilities, for PLRV resistance. Estimates of GCA of parents of each design and SCA between parents were calculated according to Griffi ng's methods, using PROC IML (SAS Institute, 2001 ). General combining ability eff ect values of andigena parents from the diallel design were used to estimate the probability of an individual with a particular parent remaining uninfected [p i = e i GCA /(1 + e i GCA )].
RESULTS
Analysis of the Diallel Mating Design
Overall infection among the 1260 individuals (seedlings) representing the 21 progenies of the diallel mating design was 43% for primary and 58% for secondary infection trials. The higher rate of secondary infection may be attributed to the presence of individuals that did not achieve suffi cient titers for the virus to be detected by ELISA at the time of the primary infection trial. Despite this diff erence, the percentage of noninfected individuals per progeny were highly correlated (r 2 = 0.91) between the two infection trials. Data from the secondary infection trial were used in all further calculations and analysis.
Mean percentage of uninfected individuals among progenies ranged from 7 to 88% (Table 1) . Progenies from the parental clone LOP-868 showed consistently high percentages of uninfected individuals (>80%) regardless of the alternate parent. No preference of the aphids for any of the progenies was observed, with aphid counts showing a progeny mean range of 5 to 12 aphids per seedling. These diff erences did not infl uence progeny infection ratios, since progenies with similar levels of infestation showed pronounced diff erences in the percentage of infected individuals, while others that showed diff erences in their level of infestation had a similar percentage of infected individuals (Fig. 3) .
Analysis of variance (Table 2) showed signifi cant variation only in the GCA (P < 0.01), indicating that diff erences exist in the fractions of noninfected individuals of half-sib progenies raised as crosses between these parents and any parent in the andigena population studied. The variance of GCA (σ 2 GCA ), as estimated from the expected mean squares of the analysis, was statistically signifi cant, while that of SCA was not (Table 2) .
Only one parental cultivar, LOP-868, showed a signifi cant high and positive GCA for PLRV resistance; hence resistance, measured by the proportion of uninfected individuals, is expected to be very high in crosses with this parent (Table 3 ). The remaining parents showed negative GCA eff ects of variable signifi cance levels and low probabilities of yielding uninfected individuals when used in crosses.
Components of Resistance to PLRV
Evaluation of PLRV Infection ANOVA showed signifi cant diff erences among cultivars and aphid pressure levels (represented by each block) (P ≤ 0.01). A comparative t test (LSD) among diff erent aphid pressure levels (blocks), revealed no signifi cant diff erence in the percentages of infection from applying 50 or 100 aphids per plant (data not shown). Therefore, the percentage of infected plants under 25-aphid pressure and the average of percentage of infected plants under 50-and 100-aphid pressure are presented. The highly resistant control DW.84-1457 had 20% infected plants under infestation with 50 or 100 aphids and 0% with 25 aphids. On the other hand, the moderately resistant cultivar Achirana-INTA had 80% and 30% infected plants under 50-to 100-aphid and 25-aphid pressure, respectively. The susceptible control, Perricholi, was 100% infected with both aphid pressures. Based on the reaction of these controls, a scale was constructed to establish the levels of resistance of the tested cultivars (Table 4) . Following this scale, the parental cultivar LOP-868 was classifi ed as highly resistant, since none of its plants became infected under either aphid pressure (Table 5) . Of the additional 13 cultivars tested, two (HUA-332 and OCH-7643) were also highly resistant (none of their plants becoming infected under either aphid pressure). One cultivar was classifi ed as resistant (VID-11) which had no plants infected under 25-aphid pressure and another as moderately resistant (PPP-DGV-94), which had less than 30% of their plants infected under 25-aphid pressure. More than 50% of the plants of these two genotypes were infected under high aphid pressure. Most plants of the remaining cultivars tested became infected with both aphid pressures and were termed susceptible.
Furthermore, of the 25 uninfected selections from progeny of the highly resistant parental clone LOP-868, 24 were as highly resistant as this parental cultivar. Of these, 22 had no plants infected with either level of aphid pressure, and two had only 10% of infected plants with 50-or 100-aphid pressure. The remaining selection was classifi ed as moderately resistant (data not shown). 
Resistance to PLRV Infection in Open-Pollinated Progenies from the Tested andigena Cultivars
Mean percentage of infection of the OPprogenies of the cultivars tested revealed that those that were the most resistant under clonal evaluation also showed lower percentages of infected individuals in their progenies (Table 5) . Percentages of infection in OP progenies of resistant cultivars ranged from 12 to 24%, while those from progenies of susceptible clones ranged from 53 to 99%. Again, no preference of aphids for any progeny was observed, and aphid counts performed 3 d after infestation resulted in a mean number of 10 aphids per plant. Since ELISA was performed on these progenies only during the primary infection trial, the presence of escapes cannot be discarded, but diff erences in the reaction of the OP progenies between resistant and susceptible parents were clear. Open-pollinated progenies of some cultivars could not be evaluated because seed was not available in the germplasm stock.
Resistance to PLRV Multiplication
Cultivars showed a range of virus concentrations between 179 and 2056 ng g −1 of fresh leaf tissue (Table 6 ). Two of the three andigena cultivars (LOP-868 and HUA-332) classifi ed as highly resistant to PLRV infection and showed mean concentrations signifi cantly lower than the remaining andigena cultivars, but statistically higher than the highly resistant control DW.84-1457. The third highly resistant andigena cultivar, OCH-7643, had a mean titer not statistically diff erent from the control Achirana-INTA (551 ng g −1 of leaf ), which is considered to possess moderate levels of resistance to PLRV multiplication (Huarte et al., 1990) .
Most cultivars showed a wide range of virus titers along their vegetative growth cycles, causing a high standard deviation and hence a lack of statistically signifi cant diff erences among their numerically diff erent mean concentrations (Table 6 ). Diff erent trends in evolution of virus concentrations during the primary infection cycle were observed among the cultivars (Fig. 4) . Susceptible controls and cultivars rapidly reached high concentrations while resistant controls and cultivars showed a delay. The resistant control Achirana-INTA, as well as the three resistant andigena cultivars showed increases in titer by the end of their vegetative growth periods (90 d for Achirana-INTA and 110 d for andigena cultivars), though these were lower than those of susceptible controls and cultivars, in which titers tended to decrease by this stage. During secondary infection, almost all genotypes showed higher titers 30 or 50 d after planting, which then tended to decrease, but diff erences between resistant and susceptible genotypes were maintained. Special cases were those of Achirana-INTA, which reached titers as high as one of the susceptible controls 70 d after planting during the secondary infection trial, and the highly resistant-bred line DW.84-1457 in which the virus was not detected during primary infection and maintained very low titers during secondary infection (Fig. 4) .
Antixenosis or Nonpreference
All plants were colonized within 36 h after apterous aphids were released. Cultivars showed a mean range of 22 to 95 aphids per plant in the initial counting performed 36 h after infestation (Table 5 ). Analysis of variance on log transformation of the total number of aphids 72 h after infestation, revealed signifi cant diff erences among cultivars (including the control) (P ≤ 0.001), but a Waller-Duncan test showed only the S. acaule accession OCH-13824, used as control, to be signifi cantly diff erent. All test cultivars showed an increase in the number of aphids per plant 72 h after infestation, except for this control, in which a decrease was observed (Table 5) . Hence, no evidence was found of aphids moving away from test cultivars nor from the susceptible control. Although clear numerical diff erences can be observed among test cultivars at 36 and 72 h after infestation, lack of statistical diff erences among them can be attributed to the wide range of variation observed in the number of aphids among plants of the same cultivar. This brought about a large mean square error which in turn elevated the minimum signifi cant diff erence (MSD) to declare diff erences among tested cultivars. Since an increase in the number of aphids was evident in all test cultivars and in the susceptible control, a random displacement of aphids rather than nonpreference or antixenosis accounted for this variation.
Analysis of the Factorial Mating Design
Weighted least-square regression of the number of noninfected individuals (logit transformation) within progenies from the factorial mating design showed highly signifi cant diff erences between either andigena and tuberosum parental clones (P ≤ 0.0001) while nonsignifi cant interactions were found among tuberosum × andigena combinations (P ≤ 0.085) (data not shown). Mean percentage of noninfected individuals among tuberosum × andigena hybrid progenies ranged from 2 to 83% (Fig. 5) . Hybrid progenies derived from the highly resistant andigena clones LOP-868, HUA-332, and OCH-7643 showed the highest percentages of uninfected individuals, ranging from 44 to 83%, whereas those from susceptible andigena cultivars were below 26%. This was refl ected in estimates of combining ability, in which these three cultivars showed the highest GCAs, highlighting them as the best parents for improving frequency and levels of resistance in the commercial potato (Table 7) . LOP-868 showed almost twice the eff ect of the other two highly resistant andigena progenitors. On the other hand, very low or no contribution to the resistance of hybrid progenies could be observed from the tuberosum parents in crosses with their susceptible andigena counterparts. Three tuberosum parental clones (Achirana-INTA, Granola, and Spunta) showed signifi cant and positive GCA eff ects, but these eff ects were signifi cantly lower than those of the resistant andigena cultivars.
DISCUSSION
A high level of resistance to PLRV infection in S. tuberosum subsp. andigena was reported in the 1950s by Ross and Baerecke (cited by Hooker, 1977) . However, low heritability (h = 0.24) encountered by Brown (1979) , may have discouraged its utilization in breeding. Here, the GCA component of variation was found to be highly signifi cant in a diallel mating design of andigena cultivars, indicating the importance of additive gene eff ects in the resistance to PLRV infection in S. tuberosum subsp. andigena. Therefore, this resistance may be fi xed in a breeding program, provided parents are carefully selected based on their resistance performance as clones. Of the three putatively resistant parents, only the cultivar LOP-868 showed the ability to yield a high proportion of resistant individuals within progenies of crosses to any andigena parent. The superiority of LOP-868 highlights its importance as progenitor in breeding programs aimed at enhancing the frequency and levels of resistance to PLRV infection. The other two putatively resistant parents did not show as good a breeding value as was expected by their phenotypic performance as clones, which makes us doubt their resistance. We cannot rule out escapes in the preliminary evaluation of the 2518 cultivars, taking into account the amount of material assessed, the few plants tested per cultivar and the lack of replications (Bastos, 1997) . In the present study, the lack of tendency for aphids to prefer some or avoid other progenies in the diallel mating design, as well as the absence of any eff ect in the diff erence in mean number of aphids per seedling on the level of resistance observed among progenies, discounted any of these events as possible factors infl uencing our results. Similar ranges in number of aphids per seedling as applied in this experiment have been used and were eff ective in similar studies (Solomon-Blackburn et al., 1994) . Several advantages have been attributed to the shaking inoculation technique for infecting seedlings applied in this study: (i) because seedlings are small, they quickly become completely invaded by the virus causing symptoms similar to those of secondary infection; (ii) it is more eff ective than hand transfer, because aphids are less disturbed; (iii) coeffi cients of variability have been smaller than those obtained under natural fi eld exposure due to a more even distribution of aphids which insures a more uniform exposure; and (iv) inoculum pressure (the number of viruliferous aphids to be applied) can be better controlled (Chuquillanqui and Jones, 1980; Rizvi 1982) . A drawback with any system is the presence of escapes. Escapes cannot be ruled out in any mass inoculation technique though ELISA and a secondary infection evaluation allow a signifi cant decrease of them. In our experiment consistency in progeny performance of the superior parental clone LOP-868 support the reliability of this method. Clonal assessment of the resistance to infection by aphids was performed in parents to confi rm their actual level of resistance to PLRV infection. Thirteen additional andigena cultivars identifi ed as resistant in the preliminary screening of the germplasm collection (Bastos, 1997) and 25 uninfected selections from one of the LOP-868 progenies were also included. Applying diff erent aphid pressures (25 and 50 or 100 aphids per plant) and assaying plants by ELISA during the secondary infection trial allowed us to defi ne clear-cut diff erences in the levels of resistance of cultivars using controls that were previously reported as resistant to PLRV infection. The three controls, DW.84-1547, Achirana-INTA, and Perricholi, reacted in agreement with their levels of reported resistance, which made them useful as standard cultivars for comparison across diff erent environments or diff erent isolates of the virus.
A scale was built based on the performance of these controls, which allowed us to classify the tested cultivars into resistance categories. LOP-868 was classifi ed as highly resistant; the other two putatively resistant parents were classifi ed as susceptible, because all plants representing them became infected under both aphid pressures. Only four of the 13 putatively resistant cultivars tested showed some level of resistance, of which two (OCH-7643 and HUA-332) were as highly resistant as LOP-868, with no plants infected under any aphid pressure. Despite the fact that a high ratio of escapes seems to have occurred in the preliminary screening of 2518 cultivars, this initial screening was helpful in discarding the more susceptible accessions. The eff ectiveness of PLRV resistance to infection depends on inoculum pressure (Barker and Harrison, 1985) , however, there is no consensus on the minimum number of aphids per plant that qualifi es as high aphid pressure. We found that the application of 50 or 100 aphids per plant was adequate for infection, because under this pressure 100% of inoculated plants of moderately resistant and susceptible cultivars became infected. Aphid pressures beyond these levels would present more of a concern in terms of pest damage than virus infection.
With regard to the level of resistance to infection of the 25 uninfected selections from one of the LOP-868 progenies, 24 were classifi ed as highly resistant and one as moderately resistant. This shows that the seedling screening method used to assess the resistance of progenies was also eff ective in selecting the most resistant individuals. Even though a previous study has showed the effi ciency of this method for identifying the more resistant progenies (Chuquillanqui and Jones, 1980) ; concerns about its usefulness for selecting the most resistant individuals within progeny have also been raised (Solomon-Blackburn et al., 1994) . These authors found that some uninfected seedlings selected after primary infection became infected under clonal fi eld evaluations. They also observed little or no correlation in the number of resistant clones (i.e., clones without any infected plants) between selected and unselected clones, that is, those not previously subjected to seedling screening, of the same cross in fi eld exposure trials, even though they found a greater number of resistant clones in R (resistant) × R and R × S (susceptible) crosses. In contrast, we do not expect all plants from these selected individuals to remain uninfected under clonal evaluation, but rather that they will have a low number of infected plants. In fact, two of the 24 clones classifi ed as highly resistant and the one classifi ed as moderately resistant showed one infected plant with 50-or 100-aphid pressure and two with 25 aphids per plant, respectively.
Assessment of OP progenies from andigena cultivars based on resistance to PLRV infection at the seedling stage, showed that those cultivars classifi ed as resistant in the clonal assessment trial yielded a low frequency of infected individuals while a high frequency was found for those classifi ed as susceptible. The fact that phenotypic performance was refl ected in progeny performance supports the previous statement about the potential for good progress in PLRV resistance through selection based on clonal performance of parents.
Evaluation of resistance to PLRV infection does not provide information on the other components of PLRV resistance, such as resistance to PLRV accumulation, resistance to virus movement from foliage to tubers, or indirect resistance through aphid nonpreference or antixenosis (Barker and Harrison, 1985) . PLRV accumulation was measured in the resistant andigena cultivars LOP-868, HUA-332, and OCH-7643, and a sample of susceptible cultivars at diff erent growth stages in graft inoculated plants and in their progeny plants obtained from harvested tubers. Surprisingly, the three cultivars with high levels of infection resistance were also those with lower mean virus titers. The same was true for the highly resistant bred line DW.84-1457 used as control.
Two important features were observed in the trends of virus accumulation among these resistant cultivars. First, there was a delay in virus multiplication as compared with susceptible cultivars. Second, at certain points in their development, one or two of the fi ve plants tested showed high virus titers, increasing mean readings temporarily (Fig. 4) . According to Barker and Harrison (1985) , three possible mechanisms might result in a restriction of virus accumulation: a decrease in virus synthesis, an enhancement of virus breakdown, or a restriction in virus movement. Using fl uorescent antibody staining, these authors showed that the latter mechanism was most likely, because diff erences in virus accumulation between resistant and susceptible genotypes depended on the number of PLRV-containing companion cells. This mechanism would account better for what might be occurring in graft-inoculated plants of resistant genotypes. The continuous supply of virus particles by infected scions would facilitate a greater number of initially infected cells than would be expected by aphid-borne inoculum, accounting for the ready detection of the virus in graftinoculated plants compared with that in plants of resistant genotypes inoculated by aphids. It seems that the amount of viral particles has a great eff ect on the success of the virus in overcoming this mechanism of restricted virus movement, causing new infected cells and hence increasing virus accumulation and facilitating its movement to tubers. Marked diff erences in virus titers encountered among plants of the same resistant genotype might support this statement. On the other hand, lack of virus detection in progeny plants of some graft-inoculated mother plants of resistant genotypes would support the idea that inhibition of virus movement operated effi ciently in those cases. We were not able to detect the virus in progeny plants of three, two, and one graft-inoculated mother plants of DW.84-1457, HUA-332, and OCH-7643, respectively , for which mean concentrations in each occasion were estimated only from infected progeny plants. In contrast, the virus was detected in all tuber progeny from graft-inoculated plants of the resistant cultivar LOP-868, but their concentrations were significantly lower than in the mother plants at all growth stages.
Our results showed that three components of PLRV resistance-that is, resistance to infection, to accumulation, and in some extent to virus movement from foliage to tubers-seem to be present in the three resistant andigena cultivars identifi ed. A test for antixenosis ruled out nonpreference as a confounding feature of the resistance to infection we describe, since in all tested cultivars, no evidence was found of aphids moving away from plants, but instead the number of aphids was observed to increase through time. Barker and Harrison (1986) suggested that resistance to infection of potato genotypes could have the same cause as decreased virus accumulation in infected plants. In this case, the same mechanism aff ecting transport within the phloem could be preventing the virus from moving out of initially inoculated or initially infected cells, causing the virus to fail to become established systematically and hence to be detected serologically. Swiezynski et al. (1989) also found that resistance to infection was associated with resistance to PLRV accumulation in the diploid line DW.84-1457 used as control in this work, and in additional diploid lines. By contrast, other reports maintain that this association is not always found, as some clones that restrict virus accumulation appeared to be susceptible to infection (Solomon-Blackburn and Barker, 1993) . We did not identify any andigena cultivar susceptible to PLRV infection expressing resistance to virus accumulation. Our results support a previous hypothesis suggesting that multiple components of resistance in a single genotype could be the result of a common mechanism controlled by several genes (Barker, 1987) .
Infl uence of the genetic background on resistance expression was studied in a factorial mating design involving crosses between the highly resistant andigena cultivars identifi ed in this study and known commercial cultivars. Commercial potatoes belong to S. tuberosum subsp. tuberosum, which share a common evolutionary origin with this native cultivated subspecies from the Andean region. This explains the ease of crossability between these two tetraploid subspecies, whereas the divergent selection applied to them in recent history accounts for several distinctive features and likely for the heterosis found in some of their hybrids (Hawkes, 1990; Tarn and Tai, 1983) . The subspecies tuberosum is well adapted to temperate areas and the subspecies andigena to short daylength latitudes. PLRV resistance of some commercial varieties adapted to temperate zones decreases in tropical areas where higher temperatures and aphid populations are present (Beemster and Rozendaal, WWW.CROPS.ORG CROP SCIENCE, VOL. 47, MAY-JUNE 2007 1972), hence the importance of increasing levels of resistance. It is well known that GCA may be diff erent depending on the genetic constitution of alternative parents used to develop the progenies. This could be due to modifi cation or even suppression of the resistance in off spring, depending on which germplasm the resistance source is crossed with (Hamalainen et al., 2000) . Fortunately, we found high and positive GCA values for the three highly resistant andigena cultivars, confi rming the superiority of these cultivars as parents for PLRV resistance over known resistant and susceptible commercial cultivars. On the other hand, among the commercial cultivars used here, only the three reported as possessing some level of resistance, Spunta, Granola, and Achirana-INTA, showed ability to transmit resistance to their progenies, though they yielded only a low percentage of uninfected individuals within progenies in crosses with susceptible andigena cultivars (7 to 28%). Signifi cantly higher mean percentages of 71, 56, and 54% of uninfected individuals were found within progenies of the andigena cultivars LOP-868, HUA-332, and OCH-7643, respectively. Reports on the ability of PLRV-resistant commercial cultivars to produce a high number of resistant progenies have pointed to Serrana-INTA, Pentland Crown, and Achirana-INTA as good progenitors for PLRV resistance. Despite the lack of specifi c information on GCA eff ects, the mean percentage of uninfected individuals in progenies from these cultivars ranged from 21 to 47% (Brandolini et al., 1992) . Our results show the absence of any negative interaction in the expression of resistance from andigena in tuberosum backgrounds, indicating that breeding advances for this characteristic should proceed well using these andigena resistance sources as progenitors.
Finally, the recovery of a high frequency (>70%) of uninfected individuals in progenies of all crosses involving the highly resistant cultivar LOP-868 and the occurrence of levels of resistance as high as those of these parents in almost all of their 25 selected individuals of one of their progenies was unexpected given our assumption of a quantitative nature for this resistance. Alleles of large eff ects have been found aff ecting quantitative traits (Falconer and Mackay, 1996) . This could be the case for one of the genes involved in the resistance of PLRV in LOP-868 as well as in the other two highly resistant andigena cultivars. However, we were not able to demonstrate this eff ect here as clonal assessment for percentage of infected plants remains to be performed on each individual of at least one of the progenies to examine the phenotypic distribution. This study is already planned on a relatively large sample of segregating individuals from one of the progenies developed in the present study. Quantitative trait locus (QTL) mapping based on molecular markers and suitable statistical models could also provide complementary information. QTL mapping has demonstrated that loci contribute at diff erent rates to the phenotypic variance of quantitative traits. A major QTL for PLRV accumulation explaining nearly 60% of the phenotypic variance was identifi ed in a diploid line derived from S. chacoense Bitter and S. yungasense Hawkes (Marczewski et al., 2001) . If a QTL with large eff ects is operating, changes in gene frequencies toward resistance larger than those expected under an assumption of several additive genes with small eff ects can also be anticipated.
LOP-868 is available under CIP-Number 702853 in the S. tuberosum subsp. andigena germplasm held in trust at CIP (http://research.cip.cgiar.org/genebankdb/auto_2list. php?psearch=702853&Submit=Search&id=5&psearchtyp e= [verifi ed 31 Mar. 2007] ).
